Introduction
Plasma polymerizations represent an increasingly popular and relatively facile route to surface modification [1] . Early work in this field emphasized the unique film compositions attainable under continuous-wave (CW) plasma operational conditions [2] . During typical high energy input CW plasma polymerizations, relatively highly cross-linked structures are obtained, in many cases these film compositions having little resemblance to that of the monomers from which they are formed.
In contrast with these earlier studies, a major portion of the more recent plasma polymerization literature has focused on acquiring improved film chemistry control during polymer formation. Such film chemistry controllability is highly desired for applications in which surface chemical compositions play the pivotal role in dictating device performance (e.g. sensors, catalysts, biomaterials, etc.). In terms of plasma polymerization derived surface modifications, one would like to achieve this molecular tailoring capability while retaining the numerous advantages inherently available with this coating technology. These include an all-dry, one-step, relatively rapid process that provides adhesive, pin-hole free, conformal films of uniform thickness [3] .
Film chemistry controllability under CW plasma condition has been examined with systematic changes in various operational variables. These variables include monomer flow rate and pressure; power input; substrate location and temperature. In particular, many studies have emphasized variations in film compositions with changes in the composite variable W/FM, where W is the power input, F is the flow rate and M the molecular mass of the monomer [2] . Although variations in film compositions are observed with changes in the W/FM variable, the ranges of compositions are frequently restricted by formation of oily or powdery deposits at low power inputs and by lack of film formation (i.e. dominance of ablation reactions) at high power inputs.
Recently, we have examined the utility of a pulsed plasma, in lieu of the traditional CW operational mode, as a possible alternate approach to achieve the much desired film chemistry controllability. In fact, large-scale and progressive changes in film compositions, obtained from a given monomer, have been observed with sequential variations in the pulsed plasma duty cycle employed, all other plasma variables being held constant [3] [4] [5] . Subsequently this film chemistry controllability has been demonstrated with a range of monomers, including highly reactive compounds [6, 7] , organometallics [8, 9] and mixtures [10] .
The present paper involves an extension of these studies, with particular emphasis on 
Experimental
The apparatus and general procedures employed in operation of the 13.56 MHz RF pulsed-plasma reactor have been described previously [1 1] . The plasma coated substrates were characterized using XPS and FT-IR analysis. Film thicknesses employed (>100 nm) were sufficiently thick to prevent substrate contributions to the XPS spectra. Film thicknesses were determined by surface profilometry.
Plasma polymerizations were carried out using monomer pressures in the range of 30 to 150 millitorr, and typical flow rates of 0.2 to 5.0 cm3 (STP/min). For each monomer, comparative analysis of film compositions, as a function of plasma duty cycles were carried at a fixed pressure and fixed flow rate. Typical peak power inputs of 50 to 300 watts were employed as noted in the next section.
An important feature of the pulsed-plasma approach is that it affords an opportunity to generate plasma film under unusually low total power inputs. The equivalent power (Weq) under pulsed conditions is calculated from the equation:
Weq -on /(ton + toff) '(Peak Power) where ion and tioff are the plasma on and off times, and peak power is the power input during the plasma on periods of the pulsed cycle. In effect, the pulsed approach permits film formation under average power inputs which are significantly lower than those which are employable under CW conditions [7] . For example, we can generally obtain high quality film formation under pulsed conditions at average power inputs which are an order of magnitude lower than those available under CW conditions. In effect, this permits an extension of the W/FM studies to a much wider range than available under CW conditions. Interestingly, this extension of plasma polymer formation to very low power inputs under pulsed conditions is achieved without undo compromises of film deposition rates, as documented below.
Results
The effects of variations in pulsed plasma duty cycles on polymer film compositions are shown in Figure 1 and 2 for the monomers perfluorohexane (C6F14) and pyrrole (C4H5N). In the case of C6F14, a variation from ahighly-cross linked film to a relatively linear fluorocarbon polymer was obtained as the plasma duty cycle employed during film formation was decreased. The sequential changes in film compositions are clearly evidenced in the C (is) high resolution XPS spectra shown in Figure 1 . Here the plasma duty cycles employed during film formation are indicated by a simple ratio of plasma on to plasma off times (in ms).
FT-IR absorbance spectra of films obtained in the plasma polymerization of pyrrole are shown in Figure 2 . Spectra of films obtained under pulsed plasma conditions of l0/100ms, 25W and CW 25W are shown. Of particular significance is the increased prominence of the N-H stretching (~ 3400 cm 1); and C-H aromatic ring bending (N 750 cm 1) vibrations in the pulsed plasma generated films relative to those obtained in the CW deposited film. Clearly, the pulsed plasma generated film exhibits a much higher level of ring Figure 1 . Variation in the C(1 s) high resolution XPS spectra of films obtained from C6F14 monomer as a function of the pulsed plasma duty cycle employed during polymerization. All pulsed runs were carried out at a peak power input of 300 W and on/off time (in ms) as shown.
retention than that obtained under CW deposition conditions. A higher level of ring retention results in formation of a more linear polymeric structure. This more highly linear structure is confirmed by sharp increase in the electrical conductivity of these films as the plasma duty cycle employed during their synthesis is reduced. The conductivity of these films, after appropriate doping with iodine, are shown in Figure 3 as a function of the equivalent power employed during film deposition. The sharp increases in film conductivities deposited at the lowest pulsed plasma power input confirms the remarkably high retention of monomer identity in these polymers. Overall, both the extent of retention of ring structure and film conductivities are significantly higher than earlier studies of pyrrole polymerization under CW conditions [12, 13] .
Finally, an interesting feature of pulsed plasma polymerizations is the sharply increased film formation energy efficiency observed with various monomers [14] . A particularly dramatic example of this increased energy efficiency under progressively lower duty cycles is shown in Figure  4 . In this study, the plasma polymerization of tetramethlysilane (TMS) was examined under CW and various pulsed conditions. The average power input was maintained constant in each run, as can be computed from the data shown in Figure 4 . Clearly, a dramatically increased energy efficiency is observed in film formation rates as the equivalent power (i.e. duty cycle) is reduced, as expressed in terms of film thickness per Joule of energy input. We have interpreted this increased energy efficiency in film formation with decreasing plasma duty cycles as clear evidence for significant polymer formation during plasmaoff times under pulse deposition conditions. 
Discussion
The results presented illustrate the high level of film chemistry controllability inherently available during the polymerization of monomers under pulsed plasma conditions. As shown for both perfluorohexane ( Figure 1 ) and pyrrole (Figure 2) , the film chemistry controllability available includes synthesis of relatively linear polymeric structures, as achieved under low duty cycle conditions. The dramatically increased percentage of CF2 groups in C6F14 polymerization (Figure 1 ) and the sharply increased electrical conductivity of polypyrrole films obtained at the lower plasma duty cycles (Figure 3 ) are particularly dramatic examples of the highly organized, linear structures obtainable via this approach.
It is believed that there are a number of important changes in plasma dynamics under pulsed conditions which contribute to increased film chemistry controllability. As noted above, film formation rates per Joule of power input ( Figure 4 ) provide evidence for polymer formation during plasma-off times. The formation of polymers during the plasma-off time occurs in the absence of substrate bias and vacuum UV photon fluxes. Both substrate bias and short wavelength photons have been shown to exert significant effects on film compositions under CW plasma conditions. In both cases, their influence is to randomize the film chemistry leading to enhanced cross-linking of the plasma polymers. Additionally, we have observed that substrate heating is generally far less pronounced during pulsed deposition than during CW polymerization, even when comparing runs of the same power inputs. The lower substrate temperatures maintained under pulsed conditions could promote more selective film formation chemistry, favoring processes having lower activation energies. All of these dynamic variables (i.e. substrate bias, photon flux, and substrate temperature) can contribute to formation of more highly linear polymeric structures under pulsed versus CW conditions. In particular, the ability to generate plasma polymers under exceptionally low power input conditions, as provided under pulsed condition, extends the synthesis of plasma polymers to highly ordered linear compositions which are simply not attainable under CW conditions.
Conclusion
The use of low duty cycle pulsed plasmas permits extension of synthesis of polymer films to lower W/FM values than available under CW conditions. This extension is of pivotal importance in synthesizing highly linear polymeric structures having specially desired properties, such as the high electrical conductivity shown in the present study.
